+ OVCAR-5 cells were resistant to cisplatin, overexpressed the ABCG2 surface drug transporter and migrated toward the CXCR4 ligand, CXCL12. Moreover, when human ovarian cancer cells were isolated from 37 primary ovarian cancer, an extremely variable level of CXCR4 and CD133 expression was detected. Thus, in human ovarian cancer cells CXCR4 and CD133 expression identified a discrete population with stem cell properties that regulated tumor development and chemo resistance. This cell population represents a potential therapeutic target.
. These cells have innate drug resistance by virtue of their capacity to remain quiescent 4 . CSC have frequently been isolated using specific markers for normal stem cells of the same organ; in particular CD24 (ligand for P-selectin), CD44 (hyaluronan receptor), CD133, EpCAM (epithelial cell adhesion molecule) have been used to fractionate CSCs in several solid tumors together with some functional assays as side population with ABC transporter and aldehyde dehydrogenase activity 5 . With the intent to target cell populations with innate drug resistance and potential metastatic activity, the concomitant expression of CXCR4 and CD133 was evaluated in the NCI 60 tumor cell line panel comprising cell lines derived from hematopoietic malignancies and several solid tumors (lung cancer, central nervous system (CNS), colon, breast, ovarian, and prostate cancer and melanoma) extensively characterized for patterns of gene expression 6, 7 . CD133 is the human homologue of mouse Prominin-1, a five transmembrane glycoprotein domain and a cell surface protein originally found on neuroepithelial stem cells in mice 8 . CD133 has been used to identify normal and cancer stem cells from several different tissues, such as hematopoietic 9 
or
1 Molecular Immunology and Immuneregulation. 2 Stem Cell Unit. 3 Uro-Gynecological Oncology. 4 Pathology; Istituto Nazionale per lo Studio e la Cura dei Tumori "Fondazione Giovanni Pascale" IRCCS-ITALIA. Via Mariano Semmola 80131, Naples, Italy. Correspondence and requests for materials should be addressed to S.S. (email: s.scala@istitutotumori.na.it or scalaste@gmail.com) Scientific RepoRts | 5:10357 | DOi: 10.1038/srep10357 leukemia 10 , neural 11 or brain tumour cells 12 , renal epithelial 13 or kidney cancer 14 cells and pancreatic cancer 15 . The stromal cell-derived factor-1 (SDF-1) or CXCL12/CXCR4 axis, critical for the trafficking/ homing of hematopoietic stem cells 16 , was reported in adult stem cells, such as neural 17 , liver 18 , skeletal muscle satellite cells 19 , NSCLC 20 , renal 21 and prostate 22 . CXCR4 expression on hematopoietic precursors regulates the physiological interactions with stromal bone marrow cells producing CXCL12. The most clinically advanced CXCR4 antagonist, plerixafor, is approved as an hematopoietic stem cells mobilizing agent 23 . However, the expression of CXCR4 on leukemic cells allows binding to the CXCL12 produced by marrow stromal cells, and segregates leukemic cells in bone marrow niche where they evade chemotherapy 24 . Previous evidence has demonstrated a CXCR4 functional axis in prostate and pancreatic cancer progenitors 25, 15 . In pancreatic cancer concomitant expression of CD133 and CXCR4 identified a specific population of migrating cancer stem cells capable of evading the primary tumor and reaching distant sites. In primary non small cell lung cancer CD133 + , epithelial specific population, is increased compared with normal lung tissue and has higher tumorigenic potential in SCID mice 26 . The aim of the study was to evaluate two putative cancer stem cell markers, CD133 and CXCR4, in the NCI 60 cell lines to identify a cancer stem cell rich population as in vitro models and suggestive for translational studies in patients.
Results
CXCR4 and CD133 protein levels in the NCI 60 Cell Lines. CXCR4 and CD133 RNA expression for the NCI 60 cell lines was available on the DCTP website (www.dtp.nci.nih.gov). To evaluate the corresponding protein level, CXCR4 and CD133 were determined through immunoblotting and flow cytometry. CD133 was clearly detectable in OVCAR-3, OVCAR-4 and OVCAR-5, ovarian cell lines and in KM-12, Colo-205, HT-29, HCT-116 and SW620 colon cancer cell lines. CD133 was weakly expressed in SK-MEL28 and SK-MEL2, melanoma cell lines, while CD133 was not detectable in the remaining cell lines (Fig. 1A) . Conversely, CXCR4 was detectable in the majority of the cancer cell lines (Fig. 1A ). CD133 and CXCR4 surface level was detected through flow cytometry showing heterogeneous levels in the 60 cell lines. As expected, CXCR4 was highly expressed in leukemia cell lines (90% in CEM and 71% in MOLT-4) and in colon cancer cell line HT-29, breast cancer MCF-7 and ovarian OVCAR-4 cell lines. Interestingly, while CD133 protein was expressed in membrane, most of CXCR4 was not detectable in membrane in the epithelial cell lines (Fig. 1B) .
CXCR4
+ CD133 + ovarian cancer cells display stem cell properties. Since CXCR4 and CD133
were previously reported as stem cell markers 27, 28 , the OVCAR-3, OVCAR-4 and OVCAR-5 ovarian cancer cell lines sorted for CXCR4-CD133 were evaluated for cancer stem cell features ( Fig. 2A) 
+ OVCAR5 sorted cells were evaluated for sensitivity to cisplatin, a commonly used agent for the treatment of ovarian cancer, and for the expression of ABCG2, a surface transporter associated with resistance to chemotherapy. OVCAR-5 CD133 + CXCR4 + were less sensitive to cisplatin and expressed the highest level of ABCG2 transporters (Fig. 3A-B Cancer stem cell markers CXCR4, CD133, CD44, CD24 are heterogeneously expressed in human ovarian epithelial cancer. Previous studies reported that CD133, CD24 and CD44, might identify cancer stem cells (CSCs) in ovarian or other solid tumors [29] [30] [31] . To verify the role of CXCR4 and CD133 in ovarian cancer patients, CXCR4, CD133, CD44, CD24 were evaluated in 37 surgically resected primary ovarian epithelial tumors (Table 2 ). Single-cell suspensions from dissociated tumor tissue and normal adjacent ovarian tissue were analyzed. The most striking evidence was that CD44, CD24, CD44/ CD24 and CXCR4, CD133 and CXCR4/CD133 were detectable at extremely variable levels in primary tumors (Table S1 available in online Supplementary Material). CXCR4 expression was low (ranging from 0% to 62.5%, median 2.4%) and CD133 level was even lower (ranging from 0% to 48%, median 1.25%) in the fresh ovarian cancer cells. Concomitant expression of CXCR4
+ was detected in 18 out of 37 tumors tested (ranging from 0% to 18%, median 0.07%). The relative expression of the putative stem cell markers were reciprocally and significantly associated (Table S2) . Immunohistochemical CXCR4 and CD133 evaluation was also conducted (Fig. 4A ). CXCR4 was highly expressed (> 50% of tumors cells displaying stained) in 12/13 tumors (92.4%), moderately (< 50% of tumors cells displaying stained) expressed in 1/13 (8.3%); CD133 was highly expressed (> 20% of tumors cells stained) in 4/13 (38.5%), expressed at low levels in 8/13 (53.8%) and negative in 1/13 (8.3%). In addition higher mRNA for CD133 and CXCR4 was also detected in 6/37 primary ovarian tissues compared to surrounding unaffected tissues (Fig. 4B) .
Discussion
In this manuscript we took advantage of the NCI 60 cell lines to investigate the level of two putative cancer stem cell markers, CXCR4 and CD133. Screening revealed that, ovarian OVCAR-3, -4 and -5 and colon cancer HT-29, HCT-116 and SW620 over expressed both proteins OVCAR-5 CXCR4 
CD133
+ cells migrated toward the CXCR4 ligand CXCL12, were less sensitive to the most popular chemotherapeutic agent utilized in ovarian cancer, cisplatin, and over expressed the drug resistance transporter ABCG2. Cancer cells overexpressing CXCR4 and CD133 were evaluated in fresh primary human ovarian cancer revealing extremely variable levels of CXCR4 + /CD133 + and CD24
+ /CD44 + positive cells, without significant differences among the group of patients. Ovarian cancer is considered the most lethal gynaecological malignancy, accounting for one third of cancers occuring in women 32 . The recent cancer stem cell hypothesis suggests that ovarian cancer might be driven and sustained by a subset of cells with stem cell characteristics including unlimited proliferative potential and resistance to therapy 33 . Such cells could explain why cancers often relapse despite clinical remission with initial therapy. Over time, it would take only a few treatment-resistant stem cells to repopulate the tumor 28, 34, 35 . Epithelial ovarian cancers are known to occur in transitional zones between two types of epithelium, whereas others have been shown to originate in epithelial tissue stem cells. Recent evidence in mice focuses attention on the ovarian hilum region, the transitional area between the ovarian surface epithelium, mesothelium and tubal (oviductal) epithelium, defined as a previously unrecognized ovarian cancer stem cell niche. Cells of the hilum cycle slowly and express stem and/or progenitor cell markers ALDH1, LGR5, LEF1, CD133 and CK6B evaluated for the expression of CXCR4/CD133 and CD44/CD24. Although no significant prognostic correlations were found among the 18 patients overexpressing CXCR4 and CD133, the majority of patients expressing CXCR4 and CD133 or CXCR4 displayed poor prognosis. Although CD133 was detected in a minimum percentage of OVCAR-5 cells (5.6% to 16.0%) it was recently shown that targeting a small number of CD133 positive cells can selectively decrease tumor progression of OVCAR-5-luc tumors 37 . In agreement with our results reported here, ALDH, stem cell markers, and CD133 were variably expressed resulting in absence of significant correlation assumable due to the low number of samples examined 35 . CD133 was significantly associated with high-grade serous carcinoma, late-stage disease, ascites severity and resistance to therapy when evaluated through Tissue Microarray in 400 ovarian carcinoma samples 38 . The main cause of treatment failure and death in ovarian cancer patients is uncontrolled invasion and metastasis 2 . The CXCR4-CXCL12 axis, that plays a central role in metastases dissemination, was previously described in ovarian cancer where the involvement of CXCR4-CXCL12 axis in collagen invasion and proliferation was relevant to the metastatic epithelial ovarian cancer [39] [40] [41] [42] [43] . In a study of expression of 14 chemokines receptors, only CXCR4 was expressed and functional within ovarian cancer cell lines 41 . CXCR4 antagonist such as AMD3100 are available as hematopoietic stem cell precursor mobilizer agents 44 and other inhibitors are in clinical development 45 . We recently discovered a new class of CXCR4 antagonists 46 that, alone or in association with chemotherapeutic agents and/or CD133 targeting agents, might reduce chemoresistance and development of secondary lesions.
The collection of data sets related to the NCI 60 cell lines provides an unparalleled public resource for integrated chemo genomic studies aimed at elucidating molecular targets, identifying biomarkers for personalization of therapy and understanding mechanisms of chemosensitivity and chemoresistance 47 . Although cell lines have been removed from their in vivo context and selected for growth in culture, and thus cannot be considered accurate surrogates for clinical tumors, they are reasonably stable and reproducible over extended time periods, available in large quantities, and manipulable. Here we demonstrated that screening a wide array of human cancer cells is a valid tool to identify relevant biological cell features. CXCR4 and CD133 expression identified a discrete population with stem cell properties in human ovarian cancer cells that might be critical for tumor development and chemo resistance. This cell population represents a potential therapeutic target.
Material and Methods
Cell culture. The NCI 60 cancer cell line collection 6 was obtained directly from the National Cancer Institute's Developmental Therapeutics, program (NCI DTP) and maintained in RPMI 1640 media (Invitrogen), containing 10% Fetal Bovine Serum (ATCC).
Cytotoxicity assay. The cells were seeded in 96-well plates (Nalgene Nunc International, Rochester, NY) at a concentration of 1 × 10 4 cells/well in 100 μ l of complete medium. The cells were allowed to adhere and 24 hours later were treated for 72 hours. Cytotoxic activity was measured by the sulforhodamine B (SRB) assay according to the manufacturer's instructions. Cells were fixed in 200 μ L of 10% trichloracetic acid (Sigma, St. Louis, MO), incubated for 1 hour at 4 °C. The cells were stained with 100 μ L SRB (0.4%) (Sigma) for 15 minutes and resuspended in 10 mM unbuffered Tris. The absorbance at 540 nm was measured using an ELISA reader (Mithras LB 940, Berthold Technologies). The protein absorbance of the viable cells at each concentration was expressed as the relative percent absorbance compared with the control well without drug exposure. Each experiment was performed using three replicated wells at same drug concentrations and all the experiments were repeated three times. Western blot analysis. For the analysis of protein expression, the cells were homogenized in lysis buffer (40 mM Hepes pH 7.5, 120 mM NaCl, 5 mM MgCl 2 , 1 mM EGTA, 0.5 mM EDTA, 1% Triton X-100) containing protease (Complete Tablets-EDTA-free, Roche) and phosphatase (20 mM a-glycerolphosphate, 2.5 mM Na-pyrophosphate) inhibitors. Twenty-five micrograms of cell lysates were analyzed on 12%-10% SDS-PAGE and the following primary antibodies were used: anti-CXCR4 (Abcam, ab2074), anti-CD133 (Abcam, ab19898), anti-tubulin (Santa Cruz Biotech, CA). Anti-mouse and anti-rabbit IgG coupled to peroxidase were used as secondary antibodies (Santa Cruz Biotech, CA) and the signal was revealed through chemo luminescent detection kit (ECL detection kit, Amersham Biosciences, Freiburg, Germany).
Sphere formation assay. Spheres were generated by culturing ~2 × 10 4 ovarian cancer cells in suspension in serum-free DMEM/F12 supplemented with B27 (1:50, Invitrogen,), 20 ng/ml bFGF and 50 units/ml pen/strep for a total of 7 days, allowing spheres to reach a size of > 75 μ m.
Cell migration assay. Migration was assessed in 24-well Transwell chambers (Corning Inc., Corning, NY) using inserts with an 8-μ m pore membrane. Membranes were pre-coated with collagen (human collagen type I/III) and fibronectin (10 g/ml each). Test cells were placed in the upper chamber (2.0 × 10 5 cells/well) in DMEM containing 0.5% BSA (migration media); cells migrate toward a medium containing CXCL12 (100 ng/ml) in the lower well. After 16 hours incubation, cells on the upper surface of the filter were removed using a cotton wool swab. The cells were counted in ten different fields (magnification 400 x).
Clonogenic assay. About 5 × 10 2 cells were added into each well of a six-well culture plate (three wells for each group). After incubation at 37 °C for 21 days, the cells were washed twice with PBS and stained with 0.1% crystal violet solution. The number of colonies containing ≥ 20 cells was counted under a microscope.
In vivo tumorigenicity assays. Ovarian cancer cells OVCAR-5 were sorted for CXCR4 and CD133 as previously described 29 . For tumorigenicity assays, serial dilutions of single-cells re-suspended in Matrigel TM (BD Bioscience, Heidelberg, Germany) were subcutaneously injected into female nude NMRI nu/nu mice (Janvier, Le Genest-Saint-Isle, France). (Table S3) .
Immunohistochemical Analysis. Formalin-fixed and paraffin-embedded sections were subjected to high-temperature antigen retrieval and stained using Histostain-Plus Streptavidin-Peroxidase Detection kit (Life Technologies). Primary antibodies for IHC used were: Monoclonal Anti-Human CXCR4 (mab172, clone 44716, diluition 1:1000 R&D system), and Monoclonal Anti-human CD133/1 (clone AC133, diluition 1:100, Miltenyi Biotec, CA, USA,). Staining for CXCR4 and CD133 was categorized into semiquantitative classes based on the rate of stained (positive) tumour cells in 10 high power tumour field (400x)/slide: rated as negative moderate (< 50% of cancer cells) and high expression (> 50% of cancer cells) for CXCR4; rated as negative, focally low (< 10% cancer cells) and focally high CD133 expression (> 10% stained cancer cells). Semiquantitative classes were chosen by our pathologists after consensus discussion and careful revision of all slides. The distribution of the CXCR4 and CD133 protein was analyzed by live imaging using a Zeiss AxioScope light microscope.
Statistical Analysis. Results for continuous variables are presented as means ± standard deviation unless stated otherwise, and significance was determined using the Mann-Whitney test. Statistical analysis was performed using the MedCalc Statistical Software version 9.3.7.0 (Microsoft, Inc., Belgium).The Spearman correlation test was used to evaluate the association between putative CSC markers expressions. The correlations between CSC markers and clinical pathologic features of patients were analyzed x 2 test. P-values < 0.05 were deemed statistically significant. 
